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Microvascular reactivity of in vitro blood perfused juxtainedullary
nephrons. The effects of angiotensin II (All), epinephrine, and changes
in perfusion pressure on glomerular capillary and afferent arteriolar
pressures were assessed using the in vitro blood perfused juxtame-
duilary nephron (JMN) preparation. At a perfusion pressure of 102 1
mm Hg, glomerular capillary pressure (GCP) averaged 55 1 mm Hg.
Afferent arteriolar pressure (AAP), measured at early-to-mid afferent
locations, was 88 2 mm Hg and decreased to 71 7 mm Hg at the
most terminal segments, 50 to 80 sm from the glomerulus. In some
nephrons, readjustments of GCP occurred in response to step changes
in perfusion pressure within the range of 90 to 165 mm Hg, In 37
nephrons, bolus injections of All into the blood caused dose-dependent
and reversible decreases in GCP, ranging from —4 1 mm Hg (12 to 25
pg) to —26 4 mm Hg (20 ng). Similar decreases in GCP ranging from
—9 3 to —22 3 mm Hg were observed in response to epinephrine
(1.25 to 20 ng). Epinephrine also consistently reduced AAP by 37
10% (N = 8). In contrast, All typically increased pressure in the early
and mid segments of the afferent arteriole, but caused variable re-
sponses in the late afferent arteriole. The responses to vasoconstrictor
agents were not mimicked by increases in perfusion pressure per Se.
These results indicate that the preglomerular vasculature of in vitro
JMN can exhibit autoregulatory behavior and is responsive to humoral
vasoconstrictors. The response to epinephrine was generalized, occur-
ring along the entire preglomerular vasculature, while the predominant
effects of All were localized to terminal afferent structures, which may
include intraglomerular constrictor elements.
Réactivité microvasculaire des nphrons juxtamedullalres de rats perfusts
in vitro avec du sang. Les effets de l'angiotensine II, de l'adrénaline, et les
modifications de Ia pression de perfusion sur les pressions capillaires
glomérulaires et artériolaires afférentes ont été préeisds en utilisant une
preparation de ndphronsjuxtam&lullaires (JMN) perfusCs in vitro avec du
sang. Pour une pression de perfusion de 102 1 mmHg, Ia pression
capillaire glomérulaire (GCP) était en moyenne de 55 1 mmHg. La
pression artCriolaire affCrente (AAP), mesurCe a un site prCcoce ou
median, Ctait de 88 2 mmHg, et diminude a 71 7 mmHg aux sites les
plus distaux, a 50-80 m du glomdrule. Dans certains nCphrons, des
rCajustements de GCP se produisaient en rCponse a des modifications en
marche d'escalier de la pression de perfusion pour des pressions entre
90—165 mmHg. Dans 37 nephrons, des embols d'angiotensine II (All) dans
le sang ont entralnC des diminutions dose-dépendantes et rCversibles de
GCP, comprises entre —4 1 mmHg (12—25 pg) et —26 4 mmHg (20 ng).
Des diminutions identiques de GCP, comprises entre —9 3 et —22 3
mmHg, ont été observées en réponse a l'adrénaline (1,25—20 ng.
L'adrénaline réduisait également de façon consistante AAP, de 37 10%
(n = 8).A l'opposC, All augmentait typiquement la pression des segments
initiaux et moyens de I'artériole affdrente, mais entrainait des réponses
variables dans l'artériole affCrente distale. Les rCponses a des agents
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vasoconstricteurs n'étaient pas reproduites par des ClCvations de la pres-
sion de perfusion per se. Ces rCsultats indiquent que la vascularisation
prCglomerulaire de JMN in vitro peut presenter un comportement
autoregulateur, et répond a des vasoconstncteurs humoraux. La rCponse
a l'adrénaline Ctait gCnCrale, se produisant le long des vaisseaux
prCglomCrulaires dans leur entier, tandis que les effets predominants d' All
étaient localisCs aux structures afférentes terminales qui pourraient
comprendre des éléments constricteurs intraglomérulaires.
In a recent report [1], we described a procedure for in vitro
perfusion with blood of a unique population of juxtamedullary
nephrons (JMN) from rat kidneys. These JMN are found
routinely on the inside cortical surface in apposition to the
pelvis. This surface can be exposed to allow visualization of
both vascular and tubular components of the nephron; these
structures thus become accessible to standard micropuncture
approaches. It is imporant that the structures are not dissected
from each other so that tubular-vascular relationships are
preserved. In our previous study, we assessed the hydrostatic
pressure profile along the vascular tree from the level of the
arcuate arteries to the peritubular capillary network. Although
the JMN were generally endowed with afferent arterioles
greater than 500 jsm in length, we found that approximately 70%
of the preglomerular pressure drop was localized to the terminal
afferent arteriolar segment [1]. Measurements of single nephron
glomerular filtration rate, glomerular capillary pressure, and
proximal tubular reabsorption rate documented preservation of
nephron function in this preparation.
By providing a stable, well-controlled, in vitro approach to
the entire nephrovascular unit, this technique provides a useful
setting for the study of segmental vascular reactivity to hor-
monal or physical stimuli in juxtamedullary nephrons. Other in
vitro procedures [2, 3] involve disruption of the normal tubular-
vascular relations to a variable extent, while most in vivo
studies of renal segmental vascular reactivity have been limited
to the more accessible superficial cortical [4, 9] or papillary
structures [10, 11]. Only a few studies have attempted to
evaluate pressures in the preglomerular microvasculature
[12—14]. We, therefore, utilized the in vitro perfusion technique
to evaluate microvascular reactivity in the juxtamedullary
nephron population. For this initial study, experiments were
conducted to assess the effects of the circulating catecholamine,
epinephrine, and of the major renal vasoconstrictor, angioten-
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sin II, on afferent arteriolar and glomerular capillary pressures.
In addition, we assessed the effects of acute changes in perfu-
sirm oressure on glomerular capillary pressure.
Methods
Experiments were performed on 26 kidneys from male
Sprague-Dawley rats (Charles River strain) ranging in body wt
from 210 to 325 g and maintained on standard chow and tap
water. Dissection and perfusion procedures were modified
slightly from those described previously [1]. For each experi-
ment, two additional rats were used as blood donors. Rats were
anesthetized with sodium pentobarbital (50 mg/kg, i.p.) and
cannulas were placed in the trachea and carotid artery. Three
mg of the converting enzyme inhibitor, Captopril (SQ 14,225; E.
R. Squibb and Sons Inc., Princeton, New Jersey, USA), were
diluted in saline and administered through a gastric cannula.
This maneuver was undertaken to reduce the occurrence of
arteriolar spasms [1] and to prevent continued generation of
angiotensin II. Plasma converting enzyme activity, measured
using Lieberman's spectrophotometric method [15], was found
to be 82 to 93% inhibited for 3.5 hr in pilot studies. Blood
donors were bilaterally nephrectomized through flank incisions.
Thirty mm later heparin (50 to 100 IU, i.a.) was administered,
and blood was collected through the carotid cannula.
A midline abdominal incision was made in another rat and the
right kidney was removed. Heparin was administered (50 to 100
IU, i.a.), and the left kidney was perfused through an aortic
cannula with a Krebs-Ringer-Bicarbonate solution (KRB) con-
taining 1 to 1.5% human serum albumin (25% USP; Cutter
Laboratories Inc., Berkeley, California, USA). The renal vein
was incised to drain the perfusion medium. The left kidney was
removed and placed in albuminated KRB at room temperature
for dissection. A stretched PESO catheter was introduced into
the renal artery and secured by ligatures (Ethicon microsurgical
sutures, 22 or 45 jsm diameter) to allow perfusion with albumin-
ated KRB throughout the dissection. The kidney was cut
longitudinally, leaving the papilla intact. The latter was re-
flected and most of the cortical tissue was resected. Pelvic
mucosa, adipose and connective tissue normally covering the
inside cortical surface were removed and the veins were cut
open. This procedure exposed tubules, superficial glomeruli
and related vasculature as indicated in Figure 1. Portions of the
arcuate arteries giving rise to the arterioles supplying "super-
ficial" glomeruli were isolated with tight ligatures and agar was
poured around the tissue. The perfusion cannula was replaced
by a double-barrel cannula and perfusion with blood was
initiated.
For each experiment, blood collected from the three rats was
pooled and processed during dissection of the kidney. After
centrifugation at 7,000 rpm for 7 to 10 mm at 4°C, plasma and
packed erythrocytes were separated and white blood cells and
platelets were discarded. Plasma colloid osmotic pressure
(COP) was measured with a membrane osmometer (Wescor
model 4100, Logan, Utah, USA) and was adjusted to 17.8 0.2
mm Hg (mean SEM; N = 26) by adding human serum albumin.
Erythrocytes were returned to the plasma to achieve a mean
hematocrit of 31 1%. Usually, 20 to 25 ml of blood were
reconstituted for each experiment, permitting approximately
3.5 hr of perfusion. Blood was poured into the perfusion
chamber and stirred at 100 rpm. Plasma COP and Na and K
concentrations (PNa, Pj were measured both before and after
perfusion in 18 experiments. Neither plasma COP nor PNa (136
2 mEq/liter) varied significantly during the experiment;
however, PK increased slightly from 4.5 0.5 to 5.2 0.5
mEq/liter during the perfusion period, probably due to slight
hemolysis.
The area of renal tissue under study was continuously
superfused with albuminated KRB at 37°C (COP 2.4 0.1 mm
Hg; pH 7.40 0.003; N = 26). Blood was oxygenated and
maintained under pressure from a compressed gas tank contain-
ing a mixture of 95%O2:5%CO2. Pressure in the perfusion
chamber (CP), and hence at the tip of the perfusion cannula,
could be varied by adjustment of the gas tank pressure regula-
tor. CP was monitored with a mercury manometer while
perfusion pressure (PP, measured at the tip of the cannula) was
measured using a pressure transducer (Statham P23Db) con-
nected to a recorder (Grass Model 5 polygraph; Grass Instru-
ments Corp., Quincy, Massachusetts, USA). During the control
period, chamber pressure was adjusted to yield a PP of 100 mm
Hg. Due to the resistance of the perfusion system, there was a
20 to 30 mm Hg difference between CP and PP. Since CP was
kept constant, increases in downstream (renal vascular) resist-
ance reduced both total blood flow through the fixed-resistance
perfusion system and the CP-PP differential. Therefore, in any
given preparation, measured changes in PP were directly re-
lated to changes in renal vascular resistance. Quantitative
analysis of measured PP changes were restricted to paired
statistical comparisons since this parameter was likely influ-
enced by a number of factors, including the total blood flow
under control conditions and the extent of flow through cut
branches of arcuate and interlobular arteries that were unac-
cessible to ligation.
Drugs were introduced into the perfusion line through a
lateral port using a micrometer syringe (smallest division, 100
ni; Scientific Glass Apparatus Co., Bloomfield, New Jersey,
USA). The internal volume of the cannula, between the tip and
the injection port, was approximately 25 pA. Total blood flow
could be estimated based on this volume and the delay time
between drug injection and tissue response. The delay time was
estimated from PP recordings (Fig. 2) and averaged 13 2 sec,
yielding an average flow of 148 19 pA/mm (N = 18).
Pressures in arcuate arteries (Arc AP), afferent arterioles
(AAP), and glomerular capillaries (GCP) were measured under
a Nikon stereoscope using glass micropipets (2 to 3 xm OD)
filled with 2 M saline, connected to a servo-nulling micropres-
sure measuring apparatus (Model 4A, 1PM, San Diego, Califor-
nia, USA) and recorded on the polygraph. Glomerular capillary
pressure was measured in the largest glomerular capillary loops
with observable erythrocyte flow. In this preparation, PP is not
pulsatile; therefore, correct placement of the micropipet tip
within a vessel was checked by imposing a rapid transient
change in PP (Fig. 2). Afferent arterioles were punctured close
to their origins (early afferent), in their mid-portions (mid-
afferent) or close to the corresponding glomerulus (late afferent;
50 to 80 jsm from the glomerulus). In 14 kidneys, perfusion
pressure measurements from the cannula tip were compared to
micropressure measurements by assessing Arc AP near the
cannula tip using the servo null device. Regression analysis
revealed a close agreement between PP and Arc AP (Arc AP =
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Fig. 1. Light microscopic appearance of the in
vitro perfused JMN preparation. Inside
cortical surface is seen as it appears during
perfusion. Vascular structures at the cortical
surface were filled with Microfil and the tissue
processed as described previously [1]. Briefly,
renal tissue was prepared as described in
Methods. Glutaraldehyde was added to the
albuminated KRB perfusate for tissue fixation.
The vascular network was then filled with
Microfil through the perfusion line. After resin
polymerization, the tissue was dehydrated in
alcohol and cleared with methyl salicylate.
Tubular structures were filled with Microfil
through micropipets introduced into Bowman's
space (black stars). The main arcuate artery,
through which the tissue was perfused, is
located beyond the left side of the micrograph.
Before entering the renal cortex (arrow), a
branch of the arcuate artery (ArA2) gives rise
to several afferent arterioles (arrowheads)
associated with superficial JMN glomeruli
(black stars). Note efferent arterioles (white
stars) breaking into vasa recta (VR).
Abbreviations are: PT, proximal tubule loops;
PC, peritubular capillaries. Upper dotted line
is the line of insertion of pelvic mucosa; lower
dotted line is the margin of renal hilus; bar =
500 m.
l.O1PP — 1.21; r = 0.99; N = 50), thereby validating pressure dose-response curves were generated in each preparation in
measurements performed with micropipets. order to measure pressures in different vascular structures. In
Once a stable pressure was recorded, bolus injections of some experiments, the effects of direct changes in PP on GCP
epinephrine (Parke, Davis and Co., Detroit, Michigan, USA) or were evaluated by manually altering chamber pressure. These
angiotensin II (Vega Biochemicals, Tucson, Arizona, USA) changes were maintained until stabilization of GCP.
were introduced into the perfusion line. Drugs were diluted in Results are expressed as mean SEM. Statistical analyses
saline to achieve concentrations of 2.4 x 10—6 M and 1.4 x i0 were performed using Student's t test for paired or unpaired
M for angiotensin II (All) and epinephrine, respectively. Suc- data, where appropriate. Multiple series of unpaired data were
cessively, 500 ni to 8 pi of these solutions were added to the compared by one-way variance analysis. Regression analysis
blood with the micrometer syringe. In the initial experiments, was carried out by the least-squares method.
emphasis was placed on using doses that consistently induced R I
changes in the measured variables. In a subsequent series of 8 esu ts
experiments, the effects of lower doses of angiotensin 11(2.4 x Baseline hemodynamic parameters
iO M and 2.4 x 10-8 M) were evaluated. Pressures were Perfusion pressure averaged 102 1 mm Hg (N = 107) prior
allowed to stabilize between successive drug injections. Several to drug injection or imposition of step changes in PP; this value
Epineph rifle
A 5ng 2.5ng l.25ng long
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Fig. 3. Perfusion pressure (PP) and glomerular
capillary pressure (GCP) responses to 1.25 to 20
ng angiotensin II administration. A and B
represent step increases in PP (+17 and +16mm
Hg, respectively).
Table 1. Effects of angiotensin II (high doses) on perfusion pressure and glomerular capillary pressure
Dose of angiotensin II
1.25ng 2.5ng 5ng lOng 2Ong
APP,mmHg +4±1 +6±1 +8±1 +10±1 +12±2
Baseline GCP, mm Hg 57 2 57 3 59 3 58 4 51 3
AGCP,mmHg —13±3 —17±3 —20±3 —21±3 —26±4
% AGCP —22 5 —31 6 —36 6 —38 7 —52 8
N 20 19 16 15 11
P values:
APP vs. previous APP <0.001 (17) <0.001 (16) <0.005 (14) <0.005 (11)
AGCP vs. previous AGCP <0.001 (17) <0.005 (16) NS (14) NS (11)
Abbreviations are: APP, maximum increase in perfusion pressure after All administration; Baseline GCP, glomerular capillary pressure
immediately prior to All injection; AGCP, maximum change in GCP after All injection; % AGCP, maximum change in GCP, expressed as
percentage of baseline value. Successive responses were compared by paired analysis; number of pairs given in parentheses.
was not different among the various groups of experiments.
Baseline GCP had a mean value of 55 1 mm Hg (N = 70).
Measurements of afferent arteriolar pressure from early-to-mid
afferent arterioles averaged 88 2 mm Hg (N = 32). Pressure
measured in terminal afferent arteriolar segments, 50 to 80 m
from glomeruli, averaged 71 7 mm Hg (N = 5).
Effects of angiotensin II on glomerular capillary pressure
Figure 3 shows recordings of GCP and PP responses to high
dose All administration. Doses of All ranging from 1.25 to 20
ng simultaneously increased PP, indicating an increase in total
vascular resistance, and decreased GCP. The responses were
dose-dependent and reversible. As also shown in Figure 3(A,B),
step increases in PP imposed by altering chamber pressure did
not mimic the effects of All on GCP. GCP responses to All in
this dose range were evaluated in 23 nephrons (13 kidneys). The
results obtained in this series are summarized in Table 1.
Baseline PP was stable throughout these experiments, averag-
ing 101 1 mm Hg (N = 23). During All administration there
were significant decreases in GCP at all doses tested. There
were also directionally opposite changes in PP (Table 1), which
increased the preglomerular pressure gradient (PP-GCP) fur-
ther. This parameter increased from 43 3 to 60 4 mm Hg (N
= 20; P < 0.001) after injection of 1.25 ng All, and from 49
3 to 88 6 mm Hg (N = 11; P < 0.001) in response to
administration of the highest dose of All (20 ng).
E
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Fig. 2. Perfusion pressure (PP) and glomerular
capillary pressure (GCP) responses to epinephrine.
A Transient change in PP imposed to validate GCP
measurement. Time between drug injection
(indicated by vertical bars and visible on PP
recording as pressure spikes) and onset of PP rise
was used to estimate blood flow. B and C denote
step increases in PP (+15 mm Hg and +17 mm Hg,
I I I I respectively).
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Angiotensin II
APP, mm Hg +4 1 +7 1 +13 1
Baseline GCP, mmHg 50 4 53 3 54 4
GCP, mmHg —4 1 —8 2 —16 4%GCP —7± 1 —13±2 —28±5
N 9 12 10
P values:
LPP vs. previous
LPP <0.02 (7) <0.001(8)
AGCP vs. previous
LGCP <0.05 (7) <0.01 (8)
In a subsequent series of 14 JMN from eight kidneys, we
evaluated the effects of lower All concentrations. An example
of the PP and GCP responses to low dose All administration is
given in Figure 4. These lower doses of All induced pressure
responses qualitatively similar to those obtained with the higher
doses (Table 2). Baseline PP was stable throughout these
experiments and averaged 102 1 mm Hg. As in the first series,
the PP-GCP gradient increased from a control value of 52 4 to
58 4 mm Hg (N = 9; P < 0.001) in response to the lower doses
of All (12.5 to 25 pg) and from 48 5 to 76 4 mm Hg (N =
10; P < 0.001) with higher doses (200 to 500 pg). Although there
was some overlap in the data obtained from these two separate
series of experiments, regression analysis revealed a significant
dose-dependency of GCP responses at All doses ranging from
12.5 pg to 20 ng (zGCPmm Hg = —6.4 log10 dose AIIpg + 3.78;
r = 0.43; N = 112; P <0.001).
Effects of epinephrine on glomerular capillary pressure
An example of GCP and PP responses to injections of
epinephrine is shown in Figure 2. The GCP responses to
epinephrine doses ranging from 1.25 to 20 ng were similar to
those obtained with All. Epinephrine simultaneously increased
PP and decreased GCP in a dose-dependent and reversible
fashion. Again, direct imposition of step increases in PP did not
mimic the GCP responses to epinephrine. The effects of epi-
______________
Angiotensin II
Early-mid afferent Late afferent
(5)
_ _ H
Control All
Fig. 5. Effects of epinephrine (left panel) and angiotensin II (middle and
right panels) on perfusion pressure (0) and afferent arteriolar pressure
measured in early and mid-afferent arterioles (•) and in late afferent
arterioles (I). Values of these parameters were determined before
(control) and after injection of epinephrine (Epi) or angiotensin II (All).
Doses were: Epi, 1.25 to 5 ng; All, 2.5 ng (early and mid-afferent
arterioles), and 1.25 to 5 ng (late afferent arterioles). Number of
arterioles punctured is given in parentheses.
nephrine were evaluated in 22 nephrons from 9 kidneys. The
average responses (Table 3) revealed a GCP response of —17
5% at the lower dose, increasing to —42 5% at the highest
dose. Baseline PP averaged 103 1 mm Hg (N = 22) through-
out these experiments. The preglomerular pressure drop in-
creased from a baseline of 44 3 to 56 5 mm Hg (N = 17; P
<0.001) in response to the lowest dose of epinephrine (1.25 ng)
and from 50 3 to 82 5 mm Hg (N = 5; P < 0.001) with the
highest dose (20 ng).
Effects of angiotensin II and epinephrine on afferent
arteriolar pressure
As shown in Figure 5 (middle panel), All induced parallel and
significant rises in PP (P < 0.001) and AAP (P < 0.005) when
the latter was measured in 16 early to mid-afferent arterioles of
nine kidneys. The PP-AAP pressure drop was not significantly
altered by All administration, averaging 12 3 mm Hg during
control measurements and 10 2 mm Hg after All injections (N
5Opg lOOpy 200pg
—L------------- ------------ —-------
100
- :
______ ______ ___ 1
11
Time, mm
Table 2. Effects of angiotensin 11(10w doses) on perfusion pressure
and glomerular capillary pressure
110
100
Fig. 4. Perfusion pressure (PP) and glomerular
capillary pressure (GCP) responses to bolus
injections of 25 to 200 pg angiotensin II.
Dose of angiotensin II
12.5 to 25 pg 50 to 125 pg 200 to 500 pg
E
0,
0,
-o00
Epinephrine
Early-mid afferent
(8)
Control Epi
90
80
70
60
50
Legend as in Table I.
Control All
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Table 3. Effects of epinephrine on perfusion pressure and glomerular capillary pressure
Dose of epinephrine
1.25ng 2.5ng Sng long 2Ong
PP,mmHg +3±1 +4±1 +6±1 +8±1 +10±2
Baseline GCP, mm Hg 58 2 61 2 57 3 53 3 53 2
.GCP,mmHg —9±3 —19±4 —22±6 —17±3 —22±2%GCP —17±5 —29±7 —37±8 —31±5 —42±5
N 17 17 13 8 5
P values:
PP vs. previous PP <0.001 (14) <0.005 (11) <0.001 (8) NS (5)
GCP vs. previous AGCP <0.005 (14) <0.005 (11) <0.005 (8) <0.005 (5)
Legend as in Table 1.
= 16). Corresponding AAP values were 89 3 mm Hg under
control conditions and 99 4 mm Hg during All administration
(N = 16).
Micropuncture measurements of late afferent arteriolar pres-
sure at sites immediately upstream from glomeruli were suc-
cessfully made in five arterioles. The responses to angiotensin
were highly variable, with three arterioles exhibiting decreases
in pressure and two showing pressure increases; therefore, no
significant change was found between mean late AAP before (71
7 mm Hg) and after All administration (62 18 mm Hg; N = 5).
A total of 16 early to mid-afferent arterioles (10 kidneys) were
punctured to assess AAP responses to epinephrine. In these
vessels, baseline AAP averaged 85 2 mm Hg (N = 16) prior to
epinephrine administration. Injection of epinephrine induced vis-
ible constriction of the major vessels (arcuate and interlobular
arteries) and tissue shrinkage. Because of this technical difficulty
during epinephrine administration, the pressure pipet could be
maintained within the vascular lumen in only eight afferent arteri-
oles in five kidneys. The results obtained from these measure-
ments are also shown in Figure 5 (left panel). In contrast to the
responses observed with angiotensin II, epinephrine induced
significant reductions in AAP (P < 0.01) from an average of 88
3 to 56 9 mm Hg (N = 8). As a consequence of the opposite
changes in PP and AAP in response to epinephrine, the mean
PP-AAP pressure drop increased significantly (P <0.001) from 14
3to53 9mmHg(N= 8).
Effects of changes in perfusion pressure on glomerular
capillary pressure
Responses of GCP to successive increases in PP were as-
sessed in 11 nephrons (9 kidneys); examples are shown in Figs.
2, 3, and 6. In these examples, step increases in PP induced
transient increases in GCP followed by progressive return
towards baseline values. The example given in Figure 6 illus-
trates a very "responsive" glomerulus, demonstrating a tran-
sient increase in GCP associated with increased PP, followed by
a rapid return toward control values. The extent to which GCP
returned and stabilized close to baseline value was variable
among nephrons. Results obtained in all nephrons tested (PP
ranging from 90 to 165 mm Hg) are given in Figure 7. The
average change in GCP following stabilization was 0.43 0.09
mm Hg per mm Hg change in PP (N = 11). The individual
responses shown in Figure 7 reveal clear evidence of autoreg-
ulatory behavior in some nephrons. In no case did increases in
PP induce GCP responses similar to those elicited by All or
epinephrine.
Discussion
The present study demonstrates that the microvasculature of
the in vitro blood perfused juxtamedullary nephron preparation
is reactive to both hormonal and mechanical stimuli. Bolus
injections of angiotensin II and epinephrine into the perfusate
blood reversibly increased total vascular resistance, as indi-
cated by increases in perfusion pressure. These findings are in
agreement with the well-documented increase in renal vascular
resistance following in vivo administration of All or adrenergic
agonists [4—9, 16]. Both angiotensin II and epinephrine reduced
GCP in each nephron tested. Since the effects on GCP were not
mimicked by imposing either transient or maintained increases
in perfusion pressure per Se, the observed effects appear to be
independent of hemodynamic disturbances associated with
bolus injections. Based on our current knowledge of glomerular
dynamics [16, 17], the observation of decreased GCP can be
interpreted as resulting from a predominant increase in preglo-
merular vascular resistance. This interpretation does not ex-
clude a concomitant action of angiotensin II or epinephrine on
postglomerular vessels; rather, the observed increase in preglo-
merular resistance was greater than the influence on postglo-
merular resistance.
Utilization of the in vitro perfused JMN preparation allowed
further localization of the segmental preglomerular resistance
changes associated with angiotensin II and epinephrine admin-
150
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Fig. 6. Glomerular capillary pressure (GCP) response to step increases
in perfusion pressure (PP). A and B represent step increases in PP (+ 13
and +20 mm Hg, respectively) to test for autoregulatory responsive-
ness. Corresponding changes in GCP after stabilization were +6 and —6
mm Hg (that is, complete return to baseline).
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istration. Epinephrine visibly constricted large vessels (arcuate
and interlobular arteries) and decreased AAP; while angiotensin
II did not visibly alter vessel size and caused parallel increases
in both AAP and PP when measurements were performed in
early-to-mid afferent arterioles. These findings indicate that
epinephrine increased vascular resistance upstream from these
sites of puncture, whereas All acted downstream from these
sites or at the terminal segments of afferent arterioles. In an
attempt to clarify the latter point, AAP responses to All were
measured at late afferent arteriolar sites, 50 m to 80 m from
glomeruli. The variability of the changes in AAP at these sites
and the difficulty in maintaining a technically satisfactory mea-
surement suggest a proximity to highly reactive segments.
Thus, these experiments demonstrate that angiotensin-respon-
sive preglomerular segments are located adjacent to the
glomerulus or, alternatively, may be located within the bound-
aries of the glomerular corpuscle. Angiotensin-sensitive
intraglomerular mesangial cells [7, 8, 17, 181 surrounding the
afferent arteriole at its junction with the glomerular capillaries
may contribute to this "preglomerular" resistance increase.
These issues can only be resolved by detailed videometric
study. In this regard, Zimmerhackl et al [19] recently reported
that pressor All infusions did not detectably alter capillary
diameter in superficial glomeruli of Wistar-Furth rats.
A number of studies have examined the segmental vascular
site(s) of action of exogenous All. Both afferent and efferent
arterioles responded to topical All application in tissue trans-
planted into the hamster cheek pouch [20]. Steinhausen et al
[211 observed both afferent and efferent arteriolar constriction
in the split hydronephrotic kidney following intravenous All
boluses. These authors noted a variable preglomerular response
during systemic All infusions. In contrast, Edwards [2] re-
ported a selective efferent arteriolar response to All; however,
Edwards' study did not allow assessment of reactivity in the
terminal afferent arteriolar segments, which were occluded by
the suction micropipet.
In vivo micropuncture studies in Munich-Wistar rats [5—9]
have generally indicated that systemic All infusions in pressor
doses (0.05 to 0.6 jg kg' min') increase both afferent and
efferent arteriolar resistances, with the greater effect observed
at the efferent side. Myers, Deen, and Brenner [9] found that
the afferent arteriolar resistance increase was attenuated when
arterial blood pressure was prevented from increasing by partial
aortic constriction. Further, Ichikawa, Miele, and Brenner (8)
found that pressor All infusion increased both pre- and
postglomerular resistances, whereas a subpressor dose only
influenced efferent resistance. Blantz, Konnen, and Tucker [7]
found increases in afferent and efferent resistances with both
subpressor and pressor All doses. It was suggested that the
preglomerular angiotensin II effect was primarily due to pres-
sure-induced activation of intrinsic renal autoregulatory mech-
anisms. Other studies, however, have revealed angiotensin-
induced preglomerular resistance increases that were greater
than could be accounted for by simple autoregulatory responses
[5, 22, 23]. The results of the present experiments clearly
indicate a direct preglomerular resistance effect of angiotensin
II that is not secondary to changes in perfusion pressure. It is
possible that preglomerular angiotensin II reactivity is greater
in juxtamedullary nephrons than in superficial nephrons.
Previous reports have suggested several possible renal vas-
cular sites of action of exogenous adrenergic agonists. In the
hamster renal transplant preparation, Click Ct al [20, 24] micro-
scopically determined that both afferent and efferent arterioles
constricted after topical applications of norepinephrine, with
the afferent response predominating, In similar preparations,
Oestermeyer and Bloch [25] found that epinephrine could
completely abolish blood flow in interlobular arteries and
afferent arterioles, but no effects on glomerular capillaries or
efferent arterioles were noted by these authors. Using the
isolated vessel technique, Edwards [2] recently showed that
interlobular arteries and afferent and efferent arterioles from the
superficial cortex of the rabbit kidney respond to norepineph-
rine. Steinhausen et al [26] documented constriction of arcuate
and interlobular arteries and early afferent arterioles when the
split hydronephrotic kidney was bathed with norepinephrine
solutions. These reports are consistent with the present study in
their demonstration of the generalized renal microvascular
reactivity to exogenous adrenergic agonists.
In some glomeruli, it was possible to document GCP read-
justment in response to step increases in perfusion pressure,
although these "autoregulatory-like" responses were variable
among nephrons. Parallel autoregulation of GCP and glomeru-
lar plasma flow in the face of changes in systemic blood
pressure has been documented in superficial glomeruli of
Munich-Wistar rats [27]. Autoregulatory changes in vessel
caliber in response to altered transmural pressure have also
been documented in isolated renal microvessels [28], More-
over, erythrocyte velocity in individual vasa recta appeared to
be autoregulated in anesthetized rats [10], and evidence for
operation of high gain tubuloglomerular feedback has been
obtained in rat JMN [11]. These initial results utilizing the
isolated perfused juxtamedullary nephron preparation indicate
that some JMN retain their capability to exhibit behavior
consistent with autoregulation of glomerular function. While
the present results do not permit comments on the specific
mechanism(s) or vascular segments responsible for the autoreg-
ulatory adjustment of GCP, the demonstration of this phenom-
enon in this preparation provides an opportunity to investigate
its mechanism in greater detail.
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Fig. 7. Relationship between stabilized values for glomerular capillary
pressure (GCP) and perfusion pressure (PP). Pressures obtained in the
same glomeruli are joined.
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